MOLECULAR INTERACTION IN MIXTURES OF
CHLOROBENZENE AND BROMOBENZENE

by R. P. Rastoar, R. K. N1eam and Avinasa KuMAR RANGRA,
Chemistry Department, Panjab University, C’hmidigarh 3

(Communicated by D. 8. Kothari, F.N.I.
y )
(Received March 16, 1961)

ABSTRACT

Thermodynamic properties of mixtures of chlorobenzene and bromobenzene have been
determined at low temperatures. A thermal analysis cell has been designed which completely
eliminates the possibility of condensation of moisture, A calorimeter for determining the heat
of fusion heas been described where the radiation losses have been reduced to a minimum and
the necessity for prior determination of the heat capacities of solid and liquid phases or
the heat capacity of the calorimeter is completely avoided. From the observed date, the
excess Gibbs function has been computed. The results indicate that it varies exponentially
with temperature. Calculations show that for this mixture the contribution of dipole-dipole
interaction is much smaller as compared to the contribution of dispersion energy to the total
interaction energy. However, the mixture does not conform to regular behaviour since the
values of excess Gibbs function are very high and the temperature coefficient is much larger
than the coefficient of volume expansion of either component. Balescu’s theory correctly
predicts the sign of Gibbs function but the quantitative agreement is very unsatisfactory. It
is concluded that these discrepancies are probably due to the complex nature of intermolecular
potentials in the region of low temperatures.

INTRODUCTION

The study of thermodynamic properties near the freezing-point reveals
interesting features which are generally obscured at ordinary temperatures
(Rastogi and Nigam 1959). This region can afford a crucial test for various
theories of solutions (Prigogine 1957). For instance, the lattice-model for
liquids is certainly more appropriate near the freezing-point and hence it is
more realistic to examine the applicability of any theory based on this model
for this region.  Likewise, since the theories based on cell-model involve
particular forms of intermolecular potential such as Lennard-Jones potential
and these potentials are of doubtful applicability in the region of minima in the
potential energy curve (Corner 1948; Guggenheim and McGlaghan 1960), it is
more interesting to test these theories at temperatures near the freezing-point.
In the present paper, experimental study of the thermodynamic properties of
mixtures of chlorobenzene and bromobenzene near the freezing-point is re-
ported and the results are examined in terms of the theory of strictly regular
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mixtures (Guggenheim 1952) and the theory of mixtures of dipolar molecules
{Balescu 1955; Pople 1953).

EXPERIMENTAL
Materials and their purification

(i) Chlorobenzene: It was subjected to simple distillation and was finally
purified by fractional distillation over phosphorous pentoxide. The purity of

i

Stirrer with mercury seal

«— To vacuum line

Experimental Substance

Thermistor

4] . Heater

Liquid air
————Dowar flask

F16. 1. Calorimeter for the determination of heat of fusion.

the material was tested by freezing-point determination and was found to be

—45-3° C. The value found by previous workers (Stull 1937) is —45-21° C.
(ii) Bromobenzene: It was also purified by fractional distillation. The

freezing-point of the purified sample was found to be —30-7° C whereas the

value found by previous workers (Timmermanns '1950) is —30-6° C.
IB
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Experimental procedure

1. Method for obtaining solid-liquid equilibrium data

The method of thermal analysis was used for obtaining solid-liquid equili-
brium data. The apparatus was similar to that used by Rastogi and Nigam.
The design of experimental cell was, however, modified to eliminate the
possibility of the condensation of moisture. The condensation of moisture
would be a great source of error as it would form a ternary mixture. For
temperature measurement, thermistor was used in place of thermo-couples.

The thermal analysis cell consisted of a pyrex tube (length 27 cm, diameter
2 cm) closed at one end but having a B-24 standard ground glass joint at the
upper similar to one as shown in Fig. 1. A stirrer with mercury scal was
fitted with B-24 standard joint. The thermistor was introduced from the side
tube which was later on closed. The thermal analysis cell was kept in a
double-walled pyrex tube, the annular space of which was connected to the
vacuum line. This was kept in a Dewar flask containing liquid air. The rate of
cooling of the sample in the cell was adjusted by changing the order of vacuum
or by adjusting the height of the tube in the Dewar flask containing liquid air.

The experimental procedure was as follows: The mixture of desired
composition was prepared by weighing in stoppered flasks. About 5 cc of the
mixture was taken in the cell. The rate of cooling was adjusted in such a way
that the temperature of the mixture fell by 1° Cin 5 minutes. Stirring of the
mixture was done mechanically. The temperature was measured by noting
the resistance of the thermistor after definite intervals of time with an electro-
nic bridge and a Pye spot-galvanometer. The thermistor was calibrated
earlier. The temperature could be recorded correct to +0-05° C.

The temperature was plotted against time and the melting-points and
thaw-points were determined from the arrests in the cooling-curve. The
equilibrium data for the mixtures of chlorobenzene and bromobenzene are
given in Table 1.

2. Determination of heat of fusion

The calorimeter as shown in Fig. 1 was essentially similar to the thermal
analysis cell. The thermistor along with the heater was introduced through
the side tube. The heater was made of constantan wire of diameter 0-2 mm,
length 34-5 cm and of resistance 5-62 ohms. A weighed amount of the pure
components was taken in the calorimeter and the stirrer with a mercury-seal
was immediately inserted. The thermistor and heater were introduced by the
side-tube, The calorimeter was kept in the double-walled pyrex tube which
was connected to the vacuum line. This was kept in a Dewar flask having
liquid air so that the calorimeter was cooled to 2 to 3° C below the freezing-
point. of the substance under investigatlon. The Dewar flask containing
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liquid air was now changed by another one having a solid-liquid mixture of
the same substance so that its temperature was maintained at its freezing-point
till the whole mass was liquefied. The upper part of the calorimeter was
covered with a bad conductor. Now, the temperature of the calorimeter was
slowly allowed to rise up to the melting-point. As soon as the temperature
reached the melting-point, which was indicated by the spot-galvanometer, a
stop-watch and the heater were switched on simultaneously. On account of
heat input, the substance in the calorimeter melted. The molten mass was
continuously stirred. As soon as the entire sample melted, which was immedi-
ately indicated by the spot-galvanometer, both the heater and the stop-watch
were switched off. The electrical circuit is given in Fig. 2.

4 Volt battery Key
L 2
T T VWA
Milli-ammeter
Heater N\ Standard Resistance
Ty v Y \fj T

Pye Potentiometer Pye Potentiometer

Fr1a. 2. The electrical circuit.

The heater H of the calorimeter, a standard resistance 8, a 4-volt battery
and a rheostat were connected in series. During the course of the run, the
voltage across the heater and the standard resistance was measured by a Pye
precision potentiometer. The current flowing through ~the heater was
calculated by knowing the voltage across the standard resigtance.

Since in the above arrangement the electrical emergy is only used in
melting the entire sample, the heat of fusion A/° is directly given by the
following relation

: . 024EC.t
A fh = T . 0&1‘.
where E = voltage across the heater.
C = current flowing through the heater.
t = time for which current is passed.
m = mass of the substance in the calorimeter,

The calorimeter described above has got two distinct advantages. Firstly,
the radiation losses are negligible since the temperature of the surrounding
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bath is equal to the freezing-point of the sample. Secondly, there is no need for
the determination of heat capacity of the calorimeter or the heat capacities of
the solid and liquid phases.

The voltages were measured correct to £0-01 volt. The time measure-
ments were correct to +0-1 second. The error in measuring resistance was of
the order of +0-1 per cent. The values of heat of fusion thus determined was
correct to +5 per cent at the worst.

REsuLrs

The results are given below :

TaBLE 1

Solid-liguid equilibrium data for the mizture of
chlorobenzene and bromobenzene

Mole-fraction. | Thaw.point, | Melting.point,

chlorobenzene ¢ ¢
0-0000 — —30.7
0-0854 - 32.7 —33:5
0-1455 —34.3 —34.6
0-2126 — 351 —35-5
0.2823 —36.9 —-375
0-3493 - 380 —384
0-4184 — 300 —39.3
0.4707 —30.7 -—~40-1
0-5250 —40-8 —41.3
0-6324 —41.9 —42.5
06733 —42.5 —42.8
0:7413 —43.3 —~43.8
0-8098 —43.5 —43-9
0.8525 —44.0 —44.3
0-9510 —44.7 —45-0
1.0000 e —45-3

TasLE 1T

Heat of fuston measurements

: Heat of fusion
Substance Typical runs (cal.fmol.)
1. Chlorobenzene .. 1st run 1,784
2nd run 1,784
2. Bromobenzene .. Ist run 2,242
2nd run 2,212

DisoussioNn

The solid-liquid equilibrium data are plotted in Fig. 3. The dotted curve
hag been drawn by assuming that the mixture exhibits ideal behaviour both in
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the solid as well as in the liquid phases (Rastogi and Nigam 1960). Aithough
the vapour-liquid equilibrium data of Zawidski and the heat of mixing data
(Cheesman and Whitaker 1952) show that the mixture is ideal, the solid-liquid
equilibrium data give indications to the contrary. The only reasonable
conclusion that can be drawn is that at normal temperatures the mixture is

ideal but at much lower temperatures particularly near the freezing-point
marked deviations from ideality occur.

Mole-fraction of Chiorobenzene

0.0 0.1 0.2 0.3 Q.4 0.3 0.6 0.7 0.8
A 1 I ] 4 '

Temperature, °C

F1e. 3. Phase-diagram of chlorobenzene-bromobenzene system.

ideal curve.
‘experimental curve.

The experimental data were further analysed in the manner discussed

earlier (Rastogi and Nigam 1959). We assume the activity coefficients of
such mixtures to be given by

RT InY, =a.(2})’ and BT n ¥ = B(})° . ..M
where

y1 = activity coefficient of component 1.

Zs = mole-fraction of component 2.
« == constant for the liquid phase.
B = constant for the solid phase.
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The subscript refers to the components and the superscripts I and s refer to the
liquid and solid phases. Further, for the two components, the mole-fractions
in the solid and liquid phases are related by the following equations:

—~In :fjl;yé Alh(l) ( 1 1 )

sy, B \T 1}
and .
} 0
_ xzz_Afhz(l l) @)
== |7 =) .. . -
oy, B \T 13
4.0 -
3¢5
]
&
J
g
P 340
o
=
J
b0
)
2.8+
2.0

T T T T T 13
230 231 232 233 234 235 236 237 238
Temperature, °K

F16. 4. Variation of log (—«) and log (— f) with temperature,
x x x x x log (—a)
00000 log (—H
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Using equation (2) along with equation (1) and making use of heat of fusion
data of chlorobenzene and bromobenzene, the values of « and § were calculated.

These have been plotted against temperature in Fig. 4. The following equations
best fit the data:

log (—a«)—0-1487431-6 = 0
and

log (—B)—0-136T'+287 = 0. O £ )

From Fig. 4 it is clear that both « and § vary exponentially with temperature
as was found previously (Rastogi and Nigam 1959). The values of « and g are
fairly high indicating that the mixture is far from being ideal or regular.-

Moreover, d;;“ is much greater than twice the coefficient of volume expansion

as would be expected for a regular mixture (Rastogi under publication).

At first sight it may appear that the very high value of excess free energy
for the mixture under consideration is due to the polar character of the two
species. We give below the relative magnitudes of interaction due to dis-

persion forces, induction and dipole-dipole interaction between like molecules
and unlike molecules.

TasrLe 11T
a _?&f&g’; one) Dispersion Induction Dipole-dipole
@ — brom obenzene) (ergs cm®) (ergs cm?) interaction (ergs cm®)
+30°C | —80°C
11 1,776 73-48 142.8 178.0
2—-2 2,053 78.66 136.3 170-0
1-2 1,807 76-08 140-0 174.8

~ The contribution to the various types of interaction was calculated by
the following relations (Hirschfelder, Curtiss and Bird 1954):

Dispersion energy = e (M)
P gy = 2 76 hl'01+hl’og
2 2
o
Induction energy = ——1—-"“2:-—312’—‘—1-
2 ppy
. . . . -2 ——1—2
Dipole-dipole interaction = 3" SokT
where
o. = polarizability. vo = characteristic frequency.
& = Planck’s constant. p = dipole moment.

T == absolute temperature. ¥ = Boltzmann’s constant.
r = intermolecular separation.
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The characteristic frequencies were determined from the refractive indices
date at various wave-lengths (International Critical Tables 1929) which are
connected with the characteristic frequency in the following manner:

n= 14— N )

—_—p2
1'0 12

where n is the refractive index, @ is a constant. The velocity of light C is
equal to vA where A is the wave-length. Now, using the values of polarizabili-
ties (Hirschfelder, Curtiss and Bird 1954) and dipole moment (International
Critical Tables 1929), the relative contributions of various types of interactions
were calculated for the same value of . Since the value of r is not known, the
quantities in Table III merely give the ratios. It is obvious that the dipole
interaction is very much smaller as compared to the contribution of the
dispersion forces to the total interaction energy. Hence, it would not be too
far-fetched to identify the constants « and B with the interchange energies as
postulated in Guggenheim’s theory of strictly regular mixtures. But such a
large value of « and B cannot be accounted for by dispersion forces. Further,
within the framework of this theory and the Sutherland Intermolecular
Potential, it can be shown that (Rastogi 1962)

dlna

—a—TT— = -—2b.

Since b the coefficient of volume expansion of chlorobenzene or bromobenzene
dine
ar
also be of this order but the experimentallyobserved value is 148 x 107! deg ™",
Hence, we have to rule out the theory of strictly regular mixture for any
further examination of the data. The finding of Cheesman and Whitaker that

the system is regular was perhaps fortuitous.

Since G* — x,25% and « is temperature dependent, heat of mixing H”
would be given by

is of the order of 107%, the value of for the mixture under study should

E._ dlna
H —legﬂ(l a7 ) .o .. .. .. (8)

Thus from the present analysis it follows that heat of mixing would be nega-
tive within the temperature range covered by the phase-diagram. This is
rather in contrast with the observation of Cheesman that the heat of mixing is
positive. Experiments are in progress to confirm this point. However, eyen
crude experiments show that there is an observable temperature rise of the
order of 2 to 3° C when chlorobenzene and bromobenzene are mixed in equi-
molar ratios at 0° C. This shows that heat of mixing changes sign at lower
temperatures.

We shall now examine the theory of Balescu (Balescu 1965) which is
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supposed to hold for mixtures of polar molecules. It is assumed that inter-
action parameters ¢; and r}; of the Lennard-Jones (6-12) interaction between
molecules 7 and j are not molecular constants but are the functions of tem-
perature and of one or more structural parameters (such as dipole moment,
polarizability, etc.). ¢ and r;; are represented by the equations

e:j= e?j[l-i-lﬁ‘.j(T)]
and

r=r+e,@ml - . . (6

e?j and r?j refer to unperturbed quantities. The functions ¢,(7) and ¢(7’) are
related to the average value of the orientational forces. Further,

b, =4I, and ¢,= —15 I, Y )
where
2 2
=" gar, =% . . . @
i €

I' is the dipolar parameter and f, 7' are the reduced .dipole moment and tem-
perature. Validity of the theorem of corresponding state has also been
assumed for the perturbed and unperturbed pure substances and solutions.
Once these assumptions are made which are reasonable as long as perturbations
are small the explicit calculations for G* and H® due to orientational forces
can be made by the use of the following equations:
GF = hy[ry(P1 —d11) + (Yo —ho2) 1 3kT [21($1— $11) + w2(2— foz)]
+ (1 +TCp) [ 3212281 — o) + 228 (P2 —hog) + 212201+ P2 —2411)]
+2Th111120¢11 .o .. (9)
BE = (hy— TOPI)[xl(‘/’I_')bll)+$2(¢2—¢22)] Thy [931(‘/’1 ¢11)+$2(l/’2 ‘/’22)]
+3kT2[z1(¢1 11)+12 (¢2 ¢22)]+ "Topl) {[%‘”1128 lll ‘/’2)

+ T (4 — ¥y, ] 2208 [ o —rag+ T (P —hy0) ]+ 21206 b1 + b2 — 2401,

T =y —2) )} + 2T Cpmmby, .. .. .. .. (10)
where
» —_ * 2 r. _r.
s 2. 5 _® nd p=r2m an
E. 8 r.
11 11

Further, ¢,, 2, ¢; and ¢, are evaluated by the following equations:

Y1 = e+ 2edio+ 2172 [(94—;) (‘/’12-‘/’11)—'36P(¢12—¢11)] . .. (12)
Yo = zothos+ wo¥1a+2129[ (0 8/2) (Y12 —P22) +36P(b1o—P22)] .- ..o (13)
$1 = z1d11+2ed1a+ 2172 (0+8/2) (12 —P11) +3P(Y12—¥11)] .. oo (14)

b2 = Topa+21910+ 71 22[(0~8/2)($19— P22) +P/2(h12=1p92) = OP(b12—P22)] (15)
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ki and C,; are the configurational enthalpy and heat capacity of the molecule
1. The configurational enthalpy and the configurational heat capacity were
calculated in the following manner. The specific heat C, at constant volume
and the heat content H are given by

2 dlnZ
ol (B Ly
and
élnZ 0nZ
H=kT2(aT )V+V kT( aV) a1
where Z is the partition function and ¥ is the volume of the system. Further,

N
since for a perfect gas the configurational partition function is equal to II\,ﬂ

where N is the total number of molecules, it can be shown that

©r) = Cr)u=Cr)g -+ -+ =+ - (8
and
—hy R Ay o 1)
where A, h; is the latent heat of evaporation at the desired temperature. The
values of heat capacity of chlorobenzene and bromobenzene are known for the
liquid state (Stull 1937) but the corresponding values for the gaseous state are
not known. These were computed by using the method of Satoh (Reid and
Sherwood 1958). The latent heat of evaporation at any desired temperaturs
was evaluated by using Watson’s relation (Watson 1943).

—7 {7 \ 938
(&) = (8. (3 _?ﬁ) L
where 7', is the boiling-point and 7', is the critical temperature.
The values of ¢* and (r*)® were calculated from critical constants since
e* €
7= Te; ve=(r*)® and p,= e
Using the above relations, calculations for G* were made for the system
chlorobenzene-bromobenzene at +30° C, —30° C and at 0° Cfor z, = x =
0-5. The values of G are found to be —155, — 19-0, —9-7 cal./mole
respectively. A comparison of these theoretical values with those obtained in
course of the present investigation leads to the following conclusions :
(i) The sign of G® is correctly predicted :.
(ii) The quantitative agreement is very poor as the calculated values at
—30° C are of very small order of magnitude;
(iii) The calculated value of G* at 0° C is also very small although
according to the present study G* should be of considerable
magnitude.

-

(21)
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From the present study it follows that since the heat of mixing

d l;“] it will have a negative sign at —30° C. But the theory

HE = I1XoX [1—

of Balescu predicts positive heat of mixing of the order of 10 cal./mole
which is at variance with the above. The above conclusions are unaffected
when Rowlinson’s correction for averaging is made in the theory (Rowlinson
1958). ‘

It is concluded therefore that none of the existing theories is wholly

adequate for predicting the excess thermodynamic properties for such
mixtures.
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